Introduction
Phthalocyanines are one of the most studied classes of organic functional materials with high potential in electrooptics. Due to their 18-p electron macrocyclic aromatic system, closely related to that of the naturally occurring porphyrin ring, and relative facile tailoring of molecular structure by chemical modification, they found numerous commercial applications, among others: photoconductors in xerography [1] , optical data storage [2] , solar energy conversion [3] , electrochromic and electroluminescent displays [4] . One of the most studied area of the application of phthalocyanines are organic thin film transistors (OTFT) as a potential replacement for silicon-based devices [5] , as well as new electronic devices based on field transistor technology such as electronic paper [6] and various types of sensors [7] . Usefulness of low molecular phthalocyanines as a material for OTFT sensors has been already proved [8] , however in many cases mechanical resistance of their thin films is not satisfactory. In order to improve mechanical properties of these materials it is possible to polymerize them or attach them as a side chains to various polymer main chains. Such the polymers may also have an increased tendency to form columnar or calamitic mesophases which might help to obtain thin films with high order of molecular self-organization. However most of the phthalocyanine polymers studied till now, exhibit too high transition temperatures and too low solubility to be used for formation of thin films with good mechanical resistance [9] . Therefore, it was decided to attach phthalocyanines as side chains to polysiloxane, the backbone well known for its high flexibility, leading thus, to materials with lower transition temperatures compared to other polymers [10] . acetic acid (POCh), NaHCO 3 (POCh), K 2 CO 3 (POCh) MgSO 4 (POCh), FeCl 3 (POCh), HCl aq. 37% (POCh), 1-bromo-octane (Aldrich), ethanol absolute (POCh), DBN (Aldrich), chloroform (POCh), poly(methylhydrolsiloxane) 30cSt. (ABCR, Germany), 3,6-dihydroxyphthalonitrile (Aldrich) -have been used as supplied. Methylene chloride (POCh), toluene (POCh), DMF (dimethylformamide, POCh) were dried by standard methods and stored over molecular sieves or sodium mirror [11] . 4,5-dibromocatehol [12] , 4,5-dihydroxyphthalonitrile [13] , 4,5-dibromo-2-methoxyphenol [14] , 4-hydroxy-5-methoxyphthalonitrile [12] were obtained as described elsewhere.
Spectroscopy
The 1 H-, 13 C-and 29 Si-NMR spectra were recorded in CDCl 3 solutions with a Bruker AC 200 or a Bruker DRX 500 spectrometers. IR spectra were obtained with an ATI Mattson spectrometer for polymer solutions in sodium dried toluene.
Molecular weight measurement
Molecular weights were determined by gel-permeation chromatography (GPC) using a Waters system with Wyatt/Optilab 902 Interferometric Refractometer, calibrated for monodisperse polystyrene standards.
Thermooptical analysis (TOA)
Changes of the transmission of polarized light in a function of temperature were recorded and visualized using a home made program. Simultaneously the morphology of thin layers was observed under optical microscope. Morphology of samples was studied using Nikon Eclipse E400 Pol microscope equipped with polarizing filters and an analog SANYO VCC-3770P camera. The images were acquired using Leadtek TV Tuner WinFast PVR2. Heating and cooling of the samples at a controlled rate was accomplished using Mettler FP82 hot stage equipped with an FP90 controller and a photo detector.
Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) studies were performed using TA Instruments DSC-2920 and DuPont DSC-910, calibrated with an indium standard.
Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) images were recorded under ambient atmosphere, at room temperature, using Nanoscope IIIa, MultiMode (Veeco, Santa Barbara, CA) microscope. The probes were commercially available rectangular silicon cantilevers (RTESP from Veeco) with nominal radius of curvature in the 10 nm range spring constant 20-80 N/m, a resonance frequency lying in the 264-369 kHz. The images were recorded with the highest available sampling resolution, that is, 512 ! 512 data points.
Small angle X-ray scattering (SAXS)
For small angle X-ray scattering (SAXS) 0.5 m long Kiessig-type camera equipped with a pinhole collimator and a Kodak imaging plate as recording medium was used. The camera was coupled to the Philips PW 1830 X-ray generator (Cu K " operating at 50 kV and 30 mA) consisting of a capillary collimator. Exposed imaging plates were read with PhosphorImager Si system (Molecular Dynamics). Thin layer of Polymer 1 was deposited on a kapton foil.
Syntheses 4,5-Bis-octyloxy-phthalonitrile (sub. 1)
A mixture of 1.95 g (14.1 mmol) of K 2 CO 3 , 1.87 g (11.68 mmol) 4,5-dihydroxyphthalonitrile and 4.6 g (23.81 mmol) of 1-bromooctane in 80 ml of dry DMF was refluxed under argon for 7 hrs. After cooling to r.t. 150 ml of water and 150 ml of methylene chloride were added and the mixture was stirred for 30 min. The aqueous (top) layer was extracted with 100 ml of methylene chloride. Combined organic layers were washed with 50 ml of 5% NaHCO 3 aq. twice, and dried over MgSO 4 overnight. The mixture was filtered, and the solvent was evaporated. Brown residue was purified on silica column (eluent: chloroform/ethyl acetate) and dried in vacuum (60º, 1 mmHg, 3 hrs) leaving 3. 
4-Methoxy-5-pent-4-enyloxy-phthalonitrile (sub. 2)
The synthesis and purification were performed using the procedure described for 4,5-bis-octyloxy-phthalonitrile. A mixture of 3 g (17.22 mol) of 4-hydroxy-5-methoxy-phthalonitrile, 2.67 g (17.43 mmol) of 5-bromo-pent-1-ene and 2.87 g of K 2 CO 3 in 150 ml of DMF after 7 hrs. of refluxing and purification yielded 3.21 g (77%) of white solid. M.p: 131ºC, 1 
2-(pent-4-enyloxy)-3-methyloxy-9,10,16,17,23,24-hexakis(octenyloxy)phthalocyanine (sub. 3)
A mixture of 7.9 g (20.5 mmol) of 4,5-bis-octyloxyphthalonitrile, 1.65 g (6.8 mmol) of 4-methoxy-5-pent-4-enyloxy-phthalonitrile and 3.28 g of DBN in 70 ml of dry ethanol was refluxed for 36 hrs. After cooling down the mixture was diluted with 20 ml of chloroform. 300 ml of acetone was added and the mixture was stirred at r.t. for 30 min. The green precipitate was filtered, washed with acetone, dried and isolated on silica column (eluent: chloroform/ methylene chloride) . Yield: 1.3 g (13.7%). 1 (10 -4 mol Pt/mol SiH) was added and the reaction mixture was stirred at 60°C. Reaction progress was followed by FTIR (disappearance of Si-H absorption band at 2150 cm -1 ). After 24 hrs. of reaction the conversion was 94.4%. The reaction was stopped after 48 hrs, as there was no further progress after that time. Solvent was removed on vacuum, leaving green solid. The product was purified by multiple precipitation from dichloromethane/ methanol and dried (75°C, 1 mmHg). Yield 0.75 g (72%). The structure was confirmed by 1 H NMR, (Figure 1 ), 13 3. Results and discussion 3.1. Synthesis From synthetic point of view the most difficult step is obtaining phthalocyanines with a single terminal alkenyloxy substituent, which can be later attached to polysiloxanes as a side chain via hydrosilylation reaction (Figure 2) . The synthetic pathway to obtain phthalocyanines with various substituents was based on J. F. van der Pol paper from 1989 [14] . Unfortunately, all the starting aromatic nitriles are not available commercially and their synthesis is a multi-step process. The subsequent step of the synthesis was a coupling reaction (Figure 3 ) of the 3:1 mixture of bis-octenyloxy-and methoxy-5-pent-4-enyloxy substituted nitriles leading to a mixture of various phthalocya- nine products, which then had to be separated by column chromatography. The separation process was probably the main reason for low yields (11-13%) of the expected products. They were, however, close to that reported by van der Pol et al. [14] for analogous compounds. The attachment of the side phthalocyanine groups to the polysiloxane were performed in typical hydrosilylation conditions (toluene, Karstedt's catalyst, 60-80ºC). The conversion (94-95%) after 24 hrs (as proved by the disappearance of Si-H signal at 2150 cm -1 in FTIR) was in rather typical range for hydrosilylation of alkenes bearing bulky groups [15] . As a result of the size of phthalocyanines higher level of the addition could not be obtained even after extended time of reaction (48 hrs). Although the final product contained ~5% of the unreacted Si-H moieties, they were hydrolytically stable and we did not observe any crosslinking due to Si-H hydrolysis and condensation of silanol groups even if the samples were heated up to 150ºC or washed with water.
Phase behaviour studies
DSC measurements of Polymer 1, at a heating rate of 5°C/min (curve 1 in Figure 4 ), revealed the endothermic phase transition at 70.8°C (enthalpy of 106.8 J/g). The transition corresponds to melting as confirmed by subsequent temperature optical analysis (TOA). Upon cooling at rate of 5°C/min (curve 2 in Figure 4) , the exothermic peak (enthalpy of 95 J/g) corresponding to transition from isotropic liquid to organized structure was observed after large supercooling, at the temperature of 32.7°C. Polysiloxane used in the synthesis is amorphous, therefore the phase transition at 32.7°C must be related to self-organization of phthalocyanine side groups. The result implies that the attachment of Pc via flexible spacer to the flexible polysiloxane does not preclude self-assembling of phthalocyanine discs. It is worth noting that the enthalpy of the phase transitions at 70.8 and 32.7°C is much higher than usually observed for transitions of alkylated phthalocyanines from liquid crystalline state to isotropic melt and reverse [14, 16, 17] . It suggests the crystalline (not liquid crystalline) nature of Polymer 1. The phase transitions of Polymer 1 was independently studied by means of thermooptical analysis (TOA). Changes of the transmission of polarized light in function of temperature were recorded. Simultaneously the morphology of thin layers was observed under optical microscope. The layer of free, starting phthalocyanine compound (sub. 3) was also investigated for comparison. The changes of the light intensity transmitted through layers of free phthalocyanine compound (sub. 3) and Polymer 1 upon heating at a rate of 5°C/min and cooling at a rate of 5°C/min (and of Figure 5 ). Images of samples showing morphology at room temperature (after cooling) are shown in Figure 6 . As one can see, upon heating of Polymer 1 at the rate 5°C/min (curve 1 in Figure 5a ) the intensity of the transmitted light starts to decrease slowly at 60°C. A fast decrease is observed at ca 70°C when the melting temperature is reached. Similar behavior (upon heating at a rate of 5°C/min) was observed for free phthalocyanine compound sub. 3 (compare curves 1 in Figure 5a and 5b). It is worth noting that the melting temperatures for sub. 3 and Polymer 1 are practically identical. The results imply that the attachment of sub. 3 to a flexible polysiloxane chain does not affect the melting temperature of self-assembled phthalocyanine discs.
The difference between the two systems appears during cooling.
In the case of free phthalocyanine compound (sub. 3), upon cooling at the rate of 5°C/min, the light transmittance rises rapidly below 53°C (curve 2 in Figure 5 ). It is correlated with the growth of dendritic, highly birefringent structures (Figure 6a ). Their growth is completed at ca. 49°C. Nucleation and growth of dendritic structures of Polymer 1 during cooling (at the same rate of 5°C/min) occurs at higher supercooling as compared with free sub. 3 (compare curves 2 in Figure 5a and 5b) . The growth of dendritic structures of Polymer 1 starts at much lower temperature of 36°C. The branches forming dendrites are much thinner as compared with dendrites of free sub. 3. This can be explained by their faster growth at higher supercooling under more diffusion limited conditions (compare Figure 6a and 6b) . One can conclude that the attachment of sub. 3 to polysiloxane chain does not preclude the self-organization of discs, however it makes it more difficult (slower).
The temperature when self-assembling of Polymer 1 starts as well as the resulting morphology is strongly dependent on a cooling rate. Upon cooling at lower rate of 1°C/min the supercooling of ca. 10°C is relatively small as compared with ca. 35°C for the cooling rate of 5°C/min (com- Figure 5 ). The growth of more equilibrium (but still highly branched) leaflike structures (Figure 6c ) is observed in the temperature range of 60-63°C Under isothermal conditions, at small supercooling, at the temperature of 69°C, the growth of rhomboidal plates of Polymer 1 is observed (Figure 7 ). Such rhomboidal shape is uncommon for liquid crystalline materials. The shape together with the mentioned earlier high enthalpy of the phase transition and relatively large supercooling suggest the crystalline nature of the Polymer 1. The plates are highly birefringent. As one can see in Figure 7 the light intensity transmitted by the plates under crossed polarizes strongly depends on their orientation.
Images of the same rhomboidal crystalline plate 'ABCD' differently oriented with respect to polarized light are shown in Figure 8 . The transmitted light intensity is the highest when the plate is oriented its diagonal AC at an angle of 45° with respect to polarizer (Figure 8a) . No sectors are then visible, which means that phthalocyanine discs are uniformly organized within the plate (unique optical axis). The plate is hardly seen when its diagonal is parallel to the polarizer (Figure 8b ). It means that the optical axis is oriented parallely or perpendicularly to the diagonal AC. One can expect that phthalocyanine discs, even attached as side groups to polymer chain via flexible spacer, form columns [14] . The result shown in Figure 8 implies that columns are uniformly oriented parallelly or perpendicularly to diagonal of the plate. Despite our experience in imaging columns of discotic materials [18, 19] using AFM, we could not visualize columnar structure in the case of Polymer 1. We could however reveal the layer-like structure of the rhomboidal plates. The thickness of layers of ca. 2.9 nm was determined ( Figure 9 ). Thickness of ca. 2.9 nm (corresponding to the thickness of a single sheet of columns) is in a reasonable agreement with earlier measurements performed on layers of other similar phthalocyanines forming columns [19] [20] [21] [22] . Postulated columnar structure of Polymer 1 was confirmed by preliminary X-ray diffraction studies. The result of small angle X-ray diffraction of thin layer of Polymer 1 at room temperature is shown in Figure 10a . The diffraction pattern is dominated by two peaks corresponding to periodicities of 2.91 and 2.81 nm. These peaks can tentatively be ascribed to reflections from (11) and (20) planes assuming rectangular unit cell parameters a = 5.61 nm and b = 3.41 nm (Figure 10b ). One can also see two much weaker peaks corresponding to distances of 4.25 and 2.45 nm. They can be assigned to hexagonal phase since 4.25 % . There is, probably, a small amount of polymeric phthalocyanine which contains some defects which does not allow formation of crystalline phase. Unambiguous classification of the unit cell and orientation of columns forming awaits completion by further X-ray studies.
Conclusions
The synthetic pathway of which the most difficult step was preparation of phthalocyanine bearing single terminal alkenyloxy groups has been proven successful. According to our best knowledge it is the very first synthesis of polysiloxanes bearing side phthalocyanine moieties ever published. Transition temperatures determined by TOA correspond to those determined by DSC. Therefore TOA can be considered as a very efficient and complementary tool for studies of phase transition of some discotic systems. Moreover smaller amount of the material (layers of thickness smaller than 1 µm can be investigated) is required for TOA experiments. Attachment of phthalocyanine to polysiloxane chain via flexible spacer does not preclude formation of columnar organization. The spacer effectively decouples the motions of the phthalocyanine groups from the main chain. Thus the columnar ordering of the side groups is possible. The attachment of phthalocyanine derivatives to polymer chain slows down the kinetics of self-organization (crystallization) in comparison with corresponding free phthalocyanine.
